Comparative tests on spruce glulam members subject to tension and bending, respectively, were numerically simulated to determine the tensile-to-bending-strength ratio. Nine different grading methods were applied to cover a wide strength range. They are based on visual inspection and mechanical determination of density and MOE. The simulated tensile and bending strength values result in an almost constant tensile-to-bending-strength ratio of 0.88. The ratio is valid for fifth percentile values and for standardized tests with prescribed member sizes. It is independent of the grading method used. In addition the size effect in glulam tension members was numerically studied. The results show a strong dependence of the glulam tensile strength upon the length subject to tension in case of short members. The dependence slowly wears off in case of long members. The tensile strength for members 150 mm in length is 140 percent of the reference value. The limit strength for a quasiinfinite length is about 80 percent.
Introduction
The characteristic glulam tensile strength is fixed to approximately 70% of the characteristic bending strength in the European standard EN 1194 (1999 . This is valid for homogeneous glulam. The percentage generally applies to the relationship between strength values obtained from standardized tensile and bending tests, respectively. Therefore, the relationship is associated with a particular member volume each, which is stressed in grain direction. According to EN 1194 (1999) a minimum depth of 600 mm of both specimens for tensile and bending tests is prescribed. The corresponding free member length ( t ) has to be at least nine times the depth for tensile tests and the corresponding span ( m ) 18 times the depth for bending tests (EN 408 2003) . The ratio of 70% was confirmed by numerical investigation and small experimental study on the glulam tensile strength (Blaß et al. 1998) . Hernandez et al. (2005) report an experimental tensile-to-bending-strength ratio of 0.70. Their ratio applies to particular comparative tensile and bending tests on glulam made from ponderosa pine.
Numerical studies on the glulam bending strength resulted in a new relation between the board and finger joint tensile, respectively, and the glulam bending strength ). According to this study, the board and the finger joint tensile strength have to be significantly increased to ensure the nominal strengths of the glulam grades GL24 to GL36. It is to expect that increasing board and finger joint strength necessarily have an effect on the glulam tensile strength too. Therefore, a revision of the current tensileto-bending-strength ratio was considered necessary. For this purpose the present numerical study was performed. It involves comparative simulated tensile and bending tests on glulam members. An existing finite element based computer model was adapted to simulate standardized tensile tests. (The computer model was originally developed to simulate standardized bending tests on glulam in regard to glulam bending strength.) With the simulated test data obtained the glulam tensile strength was finally estimated. The adapted computer model also discloses the technical possibility to numerically study the size effect in glulam members. Consequently, the dependence of the glulam tensile strength upon the tensile stressed volume was also investigated.
The results from both the comparative study on the tensile-to-bending-strength ratio and the study on the size effect are presented in this paper. They aim at broadening and completing the concepts on bending strength of spruce glulam of a previous paper published in this journal.
Methods

General
The principles in regard to the simulation of glulam bending strength by means of a finite element based computer model, a new and independent version of the Karlsruhe Rechenmodell (KAREMO), are already published in the previous paper. More background information is given in the corresponding research report ). Therefore, the following explanations in particular refer to the simulation of glulam tensile tests, the corresponding key conditions and the necessary technical adaptation of the computer model.
Simulation of material
In the present investigation the glulam strength output (tensile/bending) of the computer model refers to homogeneous lay-up and is generally based on the simulation of a specific set of grading methods and materials, respectively. The methods were developed by Holzforschung München for the research project Blaß et al. (2009) . They result in nine different simulated materials with different strengths covering a wide strength range. The first three columns in Table 1 give a brief overview on their denotation, principles and the corresponding characteristic board tensile strength values (f t, ,k ) obtained from previous experimental tests. For Table 1 were first of all calculated. For that the strength models in the previous paper were used. They apply to a homogeneous lay-up. With this the key strength properties of the simulated materials (boards, finger joints and glulam) are introduced.
Comparative simulation of glulam tensile and bending strength
The comparative tests ( Fig. 1) to finally determine the tensile-to-bending-strength ratio were simulated according to EN 408 (2003) . To simulate the tensile tests the calculation model was adapted so that the modeled glulam structure is subject to constant tensile stress. The two tension grips, used in real tests, were modeled as a column of elements with infinite stiffness (E = G = ∞). That provides a linear strain distribution at the beginning of the free member length by the modeled grips (Fig. 2) . The tensile force was transferred into the grips through two hinges. The position of the hinges by the centre line creates bending-free load transfer. According to the principles of KAREMO the element-wise simulated mechanical properties, depending on each grading method, were systematically distributed all over the finite element structure (mesh) resulting in a realistic model of a glulam tension specimen. The free member length of The glulam tensile strength is finally calculated as the ratio F max to cross-section area. N = 1000 comparative tests were performed for tension and bending considering all the nine grading methods. Altogether there are 18.000 simulated tests to base the tensile-to-bending-strength ratio on.
Simulation of different member sizes
Investigated free member lengths and member depths for the tensile tests (Fig. 1, bottom) are given by the elements in Eq. 1. The variation in free member length ( t ) originally depends on the number of elements in longitudinal direction (n = 1, 3, 9, 18, 36 to 360 in steps of 36). The variation in depth (h) results from the number of the lamina- 4, 8, 12, 16, and 20) . According to the elements in Eq. 1, 14 × 5 = 70 t -h-combinations were investigated with N = 1000 simulations each. Altogether 70.000 simulated tests create the database describing the size effect. 
The grading method EDYN II (Table 1) , providing higher glulam strength, was exclusively used to study the size ef-fect. The reasons for that are: It has already been shown that there is no major dependence of the size effect upon the nine grading methods in case of simulating bending tests ); the same was observed for these grading methods by a comparison between the characteristic bending strength effectively present in continuous beams with three supports and single supported beams with half the length (Blaß and Frese 2010)-such a comparison is like a consideration of the size effect. Therefore, in case of simulating tensile tests it is to be expected that there is also no pronounced dependence of the size effect upon these grading methods. With this a single grading method is sufficient for the study. Later on, the division of the different size depending tensile strength values by a particular reference value will finally eliminate the connection with grading method EDYN II. That is to expect: The strength models, used for the calculation of the arithmetical values, are themselves based on simulation results from bending tests. Therefore, the previous comparison serves as a simple plausibility check for the present bending strength output. The last column of Table 2 contains the nine tensile-to-bending-strength ratios. They apply to characteristic values. The standard deviation of these ratios is almost zero. Consequently, the ratios are independent of the grading methods and the corresponding strength levels. The average ratio is 0.88. On the level of mean strength values the average ratio is 0.81. The conversion from characteristic glulam bending strength to characteristic tensile strength is consequently given by Eq. 2:
Results
Comparative strength values
(2) Blaß et al. (1998) propose a numerically determined ratio of 0.70 for characteristic values considering a free member length of 20 m for the simulated tensile tests, which is 3.7 times the reference length of 5.4 m. Taking into account this difference in length the coefficient in Eq. 2 is in good agreement with a correspondingly adapted ratio found by Blaß et al. (1998) . The relationship (Eq. 2) is restricted to stressed volumes according to the numerically reproduced standardized tests in this investigation (Fig. 1) . The ratio of 0.88 shows that the current ratio of 0.70 is far too conservative in particular for the reference member length subject to tension.
Size effect
The relationships between the characteristic glulam tensile strength (f t,0,g,k ) and both the free member length ( t ) and the member depth (h) are shown in Fig. 6 . The course of the characteristic tensile strength is strongly dependent upon the free member length in case of short members. The influence of the member depth on the strength is weak for the depths investigated. This is explained by the fact that the brittle failure criterion exclusively refers to the two outermost laminations. Consequently, the occurrence probability of weak points in the outermost laminations is independent of the member depth. This causes an almost similar failure probability for same free member lengths. This corresponds to observations by Blaß et al. (1998) and Peterson (1978) . With this it is sufficient to describe the size effect as a function of the free member length by means of Weibull's theory: The characteristic reference strength (f t,0,g,k,ref ) is highlighted in Fig. 6 . As expected, this value approximately matches the characteristic tensile strength in the fourth column of Table 2 (28.5 MPa ≈ 28.2 MPa, EDYN II). The elementary Eq. 3, the definitions 4 and the reference values 5 result in Eq. 6. The exponent B in Eq. 6 was determined to 1/10.8 through a nonlinear regression analysis. The regression was performed from the ratios f t,0,g,k /f t,0,g,k,ref on the free member length t . The coefficient of determination r 2 is 0.98. Figure 7 shows the curve of the non-dimensional Fig. 5 Cumulative distributions for the tensile and bending strength, respectively; grading methods based on dynamic MOE and knots Abb. 5 Summenhäufigkeit der Zug-bzw. Biegefestigkeit; Sortierverfahren auf Grundlage des Elastizitätsmoduls und der Ästigkeit k ,k -factor (k ,k ) according to Eq. 7. The curve is obviously in line with the simulated ratios. 
Analogous to the descriptions and considerations regarding the characteristic tensile strength Fig. 8 shows the courses of the mean glulam tensile strength (f t,0,g,mean ) over free member length and depth, respectively. There is almost no dependence of the mean strength upon the member depth. In Fig. 9 the corresponding curve of the non-dimensional k ,mean -factor (k ,mean ) according to Eq. 8 is depicted. In the equation the exponent B was found to be 1/8.83. For that the reference strength on mean level (f t,0,g,mean,ref 
Conclusion
An existing finite element based computer model was expanded to simulate glulam tensile tests. The computer model was originally used in a previous investigation to simulate glulam bending tests and to establish a new strength model. The present simulations were performed to look in more detail into the tensile strength of spruce glulam members. First, comparative simulations of tensile and bending tests, respectively, were performed to revise the tensile-tobending-strength ratio. In order to base this revision on a wide strength range simulated materials for glulam were graded according to nine different grading methods. They involve visual principles with lower and mechanical principles with higher requirements on the materials' strength. Consequently, this resulted in different strength levels. Second, 70 length-depth-combinations were considered for simulated tension members to create a database describing the size effect in glulam members subject to tension.
According to the current study, the mean value of the tensile-to-bending-strength ratio is 0.88. The ratio applies to characteristic values of homogeneous glulam, is independent of the different grading methods and refers to standard-ized specimen dimensions for tensile and bending tests, respectively. The new found ratio is about 25% higher than the value of about 0.70 in the European standard EN 1194 EN (1999 . This difference may benefit the glulam industry by increasing the reference value for the characteristic tensile strength.
Instead of using all the nine grading methods the size effect was studied by means of a single method because in two previous studies it was found that differences in strength grading have almost no influence on the size effect. In the current study, the length but not the depth was found to be the dominant factor affecting the tensile strength. The influence of a member depth between 120 and 600 mm on the tensile strength is negligible. Based on Weibull's theory, non-dimensional length factors were obtained to fit the tensile-to-reference-tensile-strength ratio for characteristic and mean values each. The trend for both factors is similar. They decrease rapidly with increasing length for short members, meaning the tensile strength shows a strong dependence on the length of short members. For a quasiinfinite member length the size effect wears off. The effective strength of a tension member, 150 mm in length, is about 140% of the reference value whereas the remaining tensile strength for quasi-infinite member length is approximately 80% of the reference value. This applies to both characteristic and mean tensile strength.
The findings of the current study finally enable a consistent calculation of the length depending glulam tensile strength on the basis of its bending strength.
